ABSTRACT We examined the relationship between distance from major larval habitats and abundance of adult mosquitoes in the semiarid plains landscape characteristic of eastern Colorado. Mosquito collection was conducted from late June to early August 2007 and included trap locations at distances ranging from Ͻ10 m up to 20 Ð150 m and 160 Ð373 m from three major larval habitats: one area along a river corridor and two small reservoirs. The study yielded 65,140 mosquitoes of 14 species, and Þve species were sufÞciently abundant to be included in statistical analyses: Aedes vexans (Meigen), Culex tarsalis Coquillett, Ochlerotatus dorsalis (Meigen) (ϭAe. dorsalis), Ochlerotatus melanimon (Dyar) (ϭAe. melanimon), and Culex pipiens L. Distance to nearest major larval habitat was not strongly related to Culex abundance within the Ϸ 400-m range from larval habitats examined in this study. Abundance of Ae. vexans declined signiÞcantly with distance from the larval habitat, whereas abundance was signiÞcantly higher in the 20 Ð150-and 160 Ð373-m classes compared with areas within 10 m of the larval habitat for both Ochlerotatus species. Except for Ae. vexans, however, we did not Þnd monotonic increasing or decreasing abundance trends associated with distance from larval habitats for the 400-m range examined. This, combined with a Þnding that Þne-scale habitat heterogeneity inßuenced abundance for most of the mosquitoes examined, underscores the importance of considering not only distance from larval habitat but also Þne-scale habitat heterogeneity to understand how important nuisance-biters and West Nile virus (family Flaviviridae, genus Flavivirus, WNV) vectors use the landscape. We also discuss how these results relate to previous studies from western North America and explore their relevance to operational implementation of adulticides to suppress mosquito vectors during WNV disease outbreaks in the Great Plains.
In the naturally dry landscape of the Great Plains, availability of larval development sites is a limiting factor for many mosquito species, including the West Nile virus (family Flaviviridae, genus Flavivirus, WNV) vector Culex tarsalis Coquillett and the nuisance biter Aedes vexans (Meigen) (ϭAedes vexans; see Reinert et al. 2004) . Larval development sites include lakes, ponds, and reservoirs, ßooded areas adjacent to rivers and streams, and irrigated residential or agricultural lands. Tracking the dispersal of individual adult mosquitoes after their emergence from such sites is impractical due to the difÞculty of marking wild mosquitoes as they emerge from the water. Dispersal of arbovirus vectors such as Cx. tarsalis and Culex pipiens L. has been studied extensively in California (Bailey et al. 1965 , Dow et al. 1965 , Walters and Smith 1980 , Milby et al. 1983 , Reisen and Lothrop 1995 , Reisen et al. 2003 , but similar studies are absent from the prairie landscape of the Great Plains. This is a knowledge gap for the WNV disease focus in the Great Plains and affects our ability to 1) generate spatially explicit predictive models for risk of exposure to WNV vectors and 2) operationally implement effective emergency control to suppress adults during WNV disease outbreaks.
In a previous study, we developed a geographical information system (GIS)-based spatial model for abundance of Cx. tarsalis in the Colorado Front Range at the western edge of the Great Plains based on an association between a climate factor (cooling degreedays [CDD] ) and mosquito abundance (Winters et al. 2008) . To account for availability of larval development sites, this was complemented by application to the CDD-based model of an analysis mask that was used to assign all areas located Ͼ500 m from a perceived potential larval development site (streams, rivers, irrigation canals, lakes, ponds, reservoirs, and irrigated residential or agricultural lands; based on the U.S. Geological Survey National Hydrography Dataset and the Colorado Gap analysis project) to the lowest mosquito abundance category. Areas in the eastern Colorado plains falling outside of this buffer distance typically are dry open prairie and brushland habitats that are less suitable for mosquitoes. Here, we report on a Þeld study conducted in 2007 in Larimer County in the northern Colorado Front Range to examine abundance of common mosquito species within the 500-m buffer around larval development sites used in the analysis mask mentioned above.
The primary aim of this study was to determine relationships between distance from major larval habitats and adult abundance of common mosquito species in dry prairie landscapes characteristic of the Great Plains. In addition, we explored the relationship between habitat heterogeneity and mosquito abundance.
Materials and Methods
Site Characteristics and Mosquito Collection and Processing. The study was conducted from 27 June to 9 August 2007 and included three sites in the Fort Collins area: Butterßy Woods, which is located adjacent to the Poudre River, Douglas Reservoir, and Dixon Reservoir. Previous studies suggest that this time frame includes the peak seasonal activity for Cx. tarsalis adults in Larimer County (Smith et al. 1993 , Bolling et al. 2007 ). The Butterßy Woods site extends south from the Poudre River and west from a large pond and includes scattered cottonwoods (Populus spp.) and short-grass prairie (Fig. 1) . The Douglas Reservoir site extends out from the reservoir and includes scattered cottonwoods and mid-grass prairie (Fig. 2) . The Dixon Reservoir site includes short-grass prairie but differs from the other two sites in that it includes dense stands of intermittently ßooded cottonwoods at the north end of the reservoir (Fig. 3) ; these ßooding events occur when water is released from nearby Horsetooth Reservoir into Dixon Reservoir. In 2007, such artiÞcial ßooding events took place during 3Ð14 July and 23Ð30 August. Site-speciÞc numbers of trap stations and total trap nights in relation to distance from the perceived edge of larval development sites are provided in Table 1 . Trap locations were mapped with a GPS receiver (Trimble Geo XT, Trimble Corp., Sunnyvale, CA) and visualized using ArcGIS 9.3 (ESRI, Redlands, CA).
Mosquitoes were collected using CO 2 -baited CDC miniature light traps (John W. Hock Company, Gainesville, FL). Traps were suspended Ϸ1.5 m above the ground from tree branches and operated from afternoon (1500 Ð1700 hours) until morning (0800 Ð1000 hours). Each trap was baited with Ϸ1 kg of dry ice. Trapping was conducted during four 3-d periods in 2007: 27Ð29 June, 11Ð13 July, 25Ð27 July, and 7Ð9 August. Temperatures when the traps were set in the afternoon ranged from 20.8 to 36.5ЊC and relative humidity ranged from 22 to 74%. Collected mosquitoes were examined with a dissecting microscope and identiÞed to species by using published keys (Harmston and Lawson 1967, Darsie and Ward 2005) . Taxonomic nomenclature for Aedini genera follows Reinert et al. (2004) .
Analysis of Mosquito Abundance Patterns. Analyses were conducted separately by species and were restricted to the species with the highest abundance (i.e., trap counts). Negative binomial regression models were Þtted for mosquito trap counts based on distance to the nearest larval habitat and the number of land cover classes within 50 m. Models were Þtted in R version 2.7.1 (R Development Core Team; http:// www.r-project.org/) and compared using the Akaike Information Criterion (AIC). Interaction terms for site and date of collection were included in all models to account for the mean abundance at each of the three sites on each of the four sampling dates. Data from the National Land Cover Database 2001 (MRLC 2001 Consortium; http://www.mrlc.gov/nlcd.php) were used in ArcGIS 9.3 to determine counts of land cover classes surrounding each trap as a measure of habitat heterogeneity. Distance and land cover predictors were treated in two waysÑ continuous or stratiÞedÑand models were compared to determine whether mosquito counts were highest within a particular category or changed gradually over the ranges of the predictors. For stratiÞed models, distance was reduced to three categoriesÑϽ 10 m, 20 Ð150 m, and 160 Ð373 mÑand regression coefÞcients were estimated for the two higher-distance categories in relation to referent traps Ͻ10 m from the larval source. Terms for spatial autocorrelation were not included in the models because our objective was to explain the spatial variation in counts using distances from larval sources and land cover heterogeneity. Statistical analyses were considered signiÞcant when P Ͻ 0.05. Rate ratios were used to express regression coefÞcients in terms of an expected proportional change in abundance given a speciÞed change in a predictor. For example, a rate ratio of two for a particular category indicates that abundance at sites in that category would be expected to be twice that of sites in the referent category. A rate ratio of one indicates the same expected abundance for the two categories, and a value Ͻ1 indicates lower expected abundance compared with the referent category or value. Abundance in Relation to Distance from Larval Habitats. Distance to the nearest major larval habitat was not strongly related to Culex abundance within the Ϸ400-m range from larval habitat edges examined in this study (Table 3 ; Fig. 4 ). The stratiÞed distance predictor improved the modelÕs Þt only slightly for Cx. tarsalis (⌬AIC ϭ Ϫ1.4) and distance had no predictive value for Cx. pipiens (⌬AIC Ϸ 2.0). In contrast, abundance of Ae. vexans declined signiÞcantly with distance from the larval habitat (⌬AIC ϭ Ϫ10.1; P value for distance coefÞcient Ͻ0.001; Table 3 ). For both Ochlerotatus species, stratiÞed distances (Table 1) resulted in the best model Þts, and abundance was signiÞcantly higher in the 20 Ð150-and 160 Ð373-m classes compared with areas within 10 m of the larval habitat (P Ͻ 0.001) ( Table 3 ; Fig. 4 ). Abundance in Relation to Land Cover Heterogeneity. Traps were stratiÞed into three groups based on having 1, 2Ð3, or 4 Ð5 land cover classes within 50 m of the trap. This variable improved model Þt (i.e., reduced the AIC) for all species studied, and at least one regression coefÞcient was signiÞcant for Cx. tarsalis and all Aedes and Ochlerotatus species (Table 3 ; Fig.  5 ). Cx. tarsalis abundance was signiÞcantly lower in traps surrounded by 2Ð3 land cover classes. The abundance of Ochlerotatus and Aedes species was more closely related to habitat heterogeneity. Ae. vexans abundance was signiÞcantly higher in traps with Ͼ1 land cover class within 50 m, and both Ochlerotatus species were signiÞcantly more abundant in traps with 4 Ð5 land cover classes.
Results
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Our main Þnding was that the relationship between distance from major larval habitats and abundance of adult mosquitoes differed by species in the dry plains landscape examined. Aedes vexans was most abundant near the edge of larval habitats whereas Cx. tarsalis, Cx. pipiens, Oc. dorsalis, and Oc. melanimon showed a different pattern, with equal or greater abundances at distances Ͼ10 m from the edges of larval habitats. Below we explore how this relates to previous studies from western North America on dispersal patterns of a Models were Þtted separately for each species in comparison to a referent category (Ͻ10 m from the nearest larval habitat or 1 land cover class within 50 m of the trap; see footnoted exception for Ae. vexans). Intercepts for each date and site were included as adjustments in each model but have been omitted from the table for the sake of brevity.
b Referent category ϭ Ͻ10 m from the nearest larval habitat. c The model for continuous distance had the best Þt for Ae. vexans, so the reported coefÞcient is based on an increase of 100 m in distance to the nearest larval habitat.
d Referent category ϭ 1 land cover class within 50 m of the trap (i.e., homogeneous land cover).
these mosquitoes, and how our results may be useful in the context of operational application of adulticides to suppress mosquitoes in the Great Plains. For all species except Ae. vexans, we noted an absence of monotonic increasing or decreasing abundance trends associated with distance from larval habitats (for the 400-m range examined), and the discussion below highlights the importance of considering not only distance from larval habitat but also Þne-scale habitat heterogeneity to understand how mosquitoes use the landscape.
Comparison to Previous Studies from Western North America. Patterns of dispersal and dispersion have been studied extensively in California, particularly for Culex species that transmit arboviruses. Abundance of the two Culex species analyzed in our study was not strongly associated with distances from larval habitat or habitat heterogeneity, suggesting that female distributions were dictated by Þne-scale habitat structure that was not captured in our analysis. In markÐrecapture studies along a riparian corridor in Kern County, CA, some Cx. tarsalis and Culex quinquefasciatus Say were found to ßy long distances (Ͼ10 km), but most (70 Ð75%) were recaptured within one km of the release points (Reisen et al. 1992) . The longest dispersal distances were in the direction of the riparian corridor, whereas fewer females moved into adjacent residential areas, particularly for Cx. tarsalis. An earlier study found that wind is important for long-distance dispersal of Cx. tarsalis (Bailey et al. 1965) . Cx. tarsalis was collected in greatest numbers within ecotones with elevated vegetation in the Coachella Valley of California (Lothrop and Reisen 2001) , and relatively few were caught in open habitats Fig. 4 . Rate ratios and 95% conÞdence intervals by species for sites within 20Ð150 or 160Ð373 m of the nearest major larval habitat. These rate ratios represent a comparison of mean abundance between each depicted category and the referent category that included traps within 10 m of the larval habitat. A conÞdence interval overlapping one indicates that there is not a signiÞcant difference in mean abundance between the displayed and referent categories. For Ae. vexans, the continuous-distance model resulted in a better Þt than the categorical model, so the rate ratio is presented for an increase of 100 m in distance to the nearest larval habitat. See Materials and Methods section for an extended explanation of rate ratios.
Fig. 5.
Rate ratios by species for sites surrounded by 2Ð3 or 4Ð5 land cover classes compared with referent sites surrounded by a single class (i.e., homogeneous land cover). See the caption for Fig. 4 for an explanation of rate ratios. or nearby urban settings. As in our study, the traps with the highest catches of host-seeking female Cx. tarsalis were not clearly associated with larval habitats.
Adult counts for Oc. dorsalis and Oc. melanimon in the current study were higher at greater distances from the larval habitat, which is consistent with a previous study from California that found higher numbers of host-seeking female Oc. dorsalis in upland chaparral Ͼ1 km from salt-marsh larval habitats, apparently in association with bovine bloodmeal hosts (Reisen et al. 1996) . However, a markÐrecapture study in the San Francisco Bay Area found a bimodal distribution, with large numbers of females captured near the point of release and in distant (2.0 Ð2.4. km) upland ecotonal habitats (Kramer et al. 1995) . Furthermore, a study of Oc. melanimon dispersion near wetland larval habitats in the Central Valley of California (Kliewer and Miura 1969) found that adult abundance declined gradually with distance downwind of the larval habitats. However, the range of trapping (21 km) and the spacing of traps (4.8 Ð 8.9 km) were much greater in comparison with our study and were not designed to detect smaller scale variations in abundance due to habitat use by host-seeking females.
Ae. vexans was the only species for which abundance declined with distance from larval habitats (within a 400-m range) in our study. Like many other Aedes species, Ae. vexans is capable of long-range ßight. Brust (1980) reported that Ae. vexans commonly dispersed up to four km in Manitoba, Canada, during markÐrecapture studies. In our study, a few traps at distances of 160 Ð373 m from larval habitat had elevated numbers of Ae. vexans, which suggests that females of this species may seek hosts at distant sites also in dry prairie landscapes. Further, a study in a rural wildlife refuge in northern California found that the mean distance dispersed by Ae. vexans was highest immediately after release and declined thereafter, suggesting that initial dispersal was rapid but that some females might have remained in or returned to the riparian habitat in which they had been released (Jensen and Washino 1994) .
The variability in dispersal and dispersion patterns observed in the above-mentioned studies underscores the importance of gaining a better understanding of how important nuisance-biting and vector mosquitoes use the landscape, especially with respect to how emergence or release sites connect to other areas through dispersal corridors, e.g., riparian, tree-lined corridors, which may be a critical factor to determine the likelihood of mosquitoes leaving their emergence sites. This is especially important in landscapes such as the Great Plains that include complex mosaics of habitats that are suitable versus unsuitable for adult mosquitoes.
Relevance to Operational Mosquito Control in the Great Plains. Cx. tarsalis and Cx. pipiens are considered the primary enzootic vectors and bridge vectors to humans for WNV in Colorado and other parts of the west (Goddard et al. 2002 , Bolling et al. 2007 , Gujral et al. 2007 ). However, three other mosquito species, Ae. vexans, Oc. dorsalis, and Oc. melanimon, collected commonly in our study are capable of transmitting WNV (Goddard et al. 2002) . These mammalophilic species potentially could serve as secondary vectors of WNV to humans in Colorado; Ae. vexans was reported to be infected with WNV during 2003Ð2004 in the Colorado Front Range (Bolling et al. 2007) , and there is mounting evidence for potential involvement of small mammals such as chipmunks, tree squirrels, and rabbits as secondary ampliÞcation hosts for WNV (Tiawsirisup et al. 2005 , Root et al. 2006 , Padgett et al. 2007 , Platt et al. 2007 , Gomez et al. 2008 .
Our Þnding that common mosquito species differ in Þne-scale landscape use patterns underscores the importance of understanding how different WNV vectors use the landscape to maximize efÞciency of adulticiding efforts to suppress vector populations during WNV disease outbreaks. This is especially relevant for ground vehicle-based insecticide application, which can be restricted by limited road access. In addition, a better understanding of landscape use by vertebrate WNV ampliÞcation hosts would help to determine the likelihood of contact between vectors and hosts (i.e., their relative opportunity for infection) so that the mosquito species that pose the greatest threat to local human populations could be targeted.
Our study indicated that Ae. vexans is most abundant in proximity to larval habitat in semiarid plains landscapes in the northern Front Range, whereas distance to the nearest major larval habitat was not strongly related to abundance of Cx. tarsalis or Cx. pipiens within the Ϸ400-m range from larval habitat edges that we examined. This is interesting because many mosquito control operations in the Great Plains region have historically focused on control of nuisance-biting Ae. vexans and only recently have transitioned to control of Culex WNV vectors. Therefore, some aspects of their operational activities may still be more suited for control of Ae. vexans. Research on spatial patterns of dispersal from major larval habitats and Þne-scale landscape use of Culex WNV vectors is critical to provide operational mosquito control programs in the Great Plains with a knowledge base allowing them to maximize the efÞciency of adulticiding efforts during WNV disease outbreaks. We recorded high abundances of Cx. tarsalis and Cx. pipiens for trap locations extending several hundred meters away from major larval habitats into dry and less hospitable plains landscapes with scattered trees.
We did not extend the trapping effort to areas beyond 400 m from the larval habitats. This radius was intended to provide a reasonable representation of abundance variation due to short-range, appetitive ßights from the larval source for the species considered, but it would not have captured the effects of wind-aided dispersal that can cover much longer distances (e.g., Bailey et al. 1965) . It is also possible that the appetitive ßights of older females, even without the aid of winds, could have carried them beyond our trapping range. Future studies are needed to deÞne the full range of dispersal of Cx. tarsalis and Cx. pipiens from major larval development sites into surrounding prairie landscapes in the Great Plains. River corridors crossing the plains provide opportunities for such studies because the rivers typically are bordered by narrow bands of wet riparian or irrigated agricultural land which then gives way to dry prairie and brushland. Trapping transects that extend perpendicularly from the rivers and surrounding larval habitats into dry, less hospitable environments can be used to determine the full range of dispersal of Culex vectors across dry prairie landscapes.
Habitat Heterogeneity and Mosquito Abundance. Our results suggest that Þne-scale patterns for abundance of Ae. vexans and Cx. tarsalis are inßuenced by habitat heterogeneity. This underscores the importance of considering not only distance from larval habitat but also the juxtaposition of trap locations within the landscape to understand Þne-scale patterns of risk for exposure to mosquitoes. We found that Ae. vexans abundance was signiÞcantly higher in traps with Ͼ1 land cover class within 50 m, whereas Cx. tarsalis abundance was lower in traps surrounded by 2Ð3 land cover classes than for traps surrounded by one or 4 Ð5 land cover classes. This again points toward differences in Þne-scale landscape use by Ae. vexans and Cx. tarsalis. The abundance of Cx. pipiens was not explained by distance from the larval habitat or land cover heterogeneity, which was expected because Cx. pipiens uses more organically charged larval habitats than the other species studied, and such habitats were not the focus of this study. Further studies speciÞcally designed to explore how Þne-scale landscape heterogeneity inßuences abundance of key nuisance-biters and WNV vectors in the Great Plains are needed.
